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Abstract 
Image analysis and quantification were performed on porous scaffolds for building 
SOFC cathodes using the two types of YSZ powders. The two powders (U1 and U2) 
showed different particle size distribution and sinterability at 1300 oC. AC impedance 
on symmetrical cells was used to evaluate the performance of the electrode impregnated 
with 35-wt.% La0.8Sr0.2FeO3. For example, at 700 
oC, the electrode from U2 powder 
shows a polarization resistance (Rp) of 0.21 cm2, and series resistance (Rs) of 8.5 
cm2 for an YSZ electrolyte of 2-mm thickness, lower than the electrode  from U1 
powder (0.25 cm2 for Rp and 10 cm2 for Rs) does. The quantitative study on image 
of the sintered scaffold indicates that U2 powder is better at producing architecture of 
high porosity or long triple phase boundary (TPB), which is attributed as the reason for 
the higher performance of the LSF-impregnated electrode. 
Keywords: SOFC; Cathode; Image analysis; Infiltration; YSZ 
Introduction 
For an SOFC utilizing an yttria-stabilised zirconia (YSZ) electrolyte, La-based 
perovskites are widely used cathode materials, with strontium-doped LaMnO3 (LSM) 
being the most common, due to its ability in the standard SOFC preparation processes 
involving the sintering of mixed powders, usually with YSZ to form composite 
AC
CE
PT
ED
 M
AN
US
CR
IPT
2 
 
electrode structures[1]. The high sintering temperatures (above 1300 oC) required of 
densification of YSZ, preclude the use of many potential La-based perovskites because 
of the reaction with YSZ forming insulating La2Zr2O7, or the lack of chemical/physical 
stability at the process temperatures. To avoid exposure of these more reactive materials 
to the high-temperature sintering process, one strategy is to apply a diffusion barrier 
layer to avoid the reaction at high temperature, [2] but the impregnation of  perovskites  
materials into a porous well-sintered  YSZ scaffold can also used to fabricate the 
composite electrode at low temperatures [3, 4]. For example, strontium-doped LaFeO3 
(LSF) or (La, Sr)(Co,Fe)O3 (LSCF) can be used to make a high-performance cathode 
at intermediate temperatures between 600 oC to 800 oC with the  mixed ionic and 
electronic conductivity (MIEC) in this material leading to high electrochemical 
performance [5-11]. Compared with the conventional mixed-powder method, the 
structure of a separately formed YSZ scaffold can be engineered into specific 
microstructures that will allow the percolation of subsequently infiltrated perovskite 
materials at very low content, much lower than that of ~ 30 vol.%  in mixed powders 
[12]. Moreover, the low forming and sintering temperature of the perovskite materials 
can produce nano-particles, increasing the length of triple phase boundary (TPB) of 
electrolyte, electrocatalyst and gas phase, where charge-transfer reactions take place 
[13]. LSF fired at 850 oC will form particles smaller than 100 nm on the surface of YSZ, 
producing longer TPB sites for the adsorption and reduction of oxygen than the one 
forming a dense film on the surface of YSZ at a sintering temperature of 1100 oC [7, 
14].  
The YSZ scaffold dictates the distribution of the solution and the resulting 
perovskite particles. Previous work shows a porous YSZ scaffold formed using finer 
pore former has small pores, larger surface area and thus lower polarization impedance 
when strontium-doped LaFeO3 or LaCoO3 was impregnated into it as cathode materials 
[15, 16]. In addition, the network of YSZ also controls the transport of oxygen ion from 
the electrolyte and oxygen molecules in the porous electrode. When a nano-fiber YSZ 
powder was used to prepare the scaffold for an LSM-impregnated cathode, the fast ionic 
transport in the fiber was thought to be the reason for a high performance exhibited at 
intermediate temperatures [17]. Further materials in addition to the perovskites phase 
can also be added into the overall structure during the impregnation and can alter the 
morphology of the perovskites by altering the location where they sit on the skeletal 
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support.[18] Various materials were added into the LSF-impregnated YSZ electrodes 
to enhance the electrochemical performance of the electrode, and it was found that the 
microstructural change of the electrode seems to be overruling the catalytic / ionic 
conducting effect of the additions [19, 20]. The dual impregnation of SDC particles and 
LSM into YSZ scaffold decreased the Rp resistance of the electrode, and the change of 
microstructure was thought to be one of the factors inducing the enhancement of 
electrode performance [21].  
As can be seen, optimization of the microstructure of the YSZ scaffold will 
enhance the performance of the infiltrated electrode, and the optimization of 
microstructure, across length scales, is particularly useful in promoting and 
understanding the performance of electrodes [22-27]. Through the quantification of 
images of composite electrodes it is also possible to determine their properties in terms 
of particle/pore size distribution, grain size, constituent shape factors, TPB, and 
descriptive functions [28-32]. Recently, Barnett et al.[33] performed the image analysis 
on the LSGM functional layer to analyze the effect of porosity and Ni loading for an Ni 
impregnated LSGM anode. After quantifying a scanning electron microscopy (SEM) 
image of a Ni-YSZ electrode, Lee[31] determined the anisotropic packing and 
connectivity of conducting and pore phases, and found that anisotropy of the YSZ net 
work lowered the conductivity of the electrode. Duong[32] studied the correlation 
between the microstructure of LSM-YSZ composite cathode and performance by a 3D 
modeling, and concluded that lower TPB and surface area due to the use of coarser 
powders of LSM/YSZ caused a lower performance of the electrode. However, the 
sintering of the YSZ network in the porous structure for impregnation differs from that 
in composite electrode because of the addition of a fugitive pore former, such as 
graphite or glassy carbon, without any persistent material, such as LSM or NiO as in 
the conventional mixed-powder processing. Image analysis is also used in 
characterizing highly porous scaffold materials [34, 35] and thus can easily be used in 
quantifying the scaffold optimization since only one phase is involved and the nano-
particles are thought to be sitting on the surface of the scaffold.  
In this study, high-resolution SEM images are analyzed and quantified to 
understand the effect of particle size of YSZ on the microstructure of the porous 
scaffold, and, in the end, the electrochemical performance of the impregnated LSF-YSZ 
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composite electrode was evaluated by ac impedance. The SEM image quantification is 
found to be consistent with the sintering behavior of the YSZ powder as was the 
performance of the impregnated electrode. 
Experimental 
Materials and ink making 
Two types of 8 mol.% Y2O3-stabilised ZrO2 (8-YSZ) were used in the ink making 
process, Unitec 13 wt.%- (8 mol.% ) YSZ 1-m and 2-m powder (denoted as U1 and 
U2 powder) both from UCM Advanced Ceramics GmbH, Laufenburg, Germany. 
Images of the as-received powders are shown in Figure 1. The particle size analysis 
(PSA) of the two 8-YSZ powders was performed on a Mastersizer 2000 particle size 
analyser (Malvern Instruments LTD) after ball milling to simulate the ink-making 
deagglomeration process. Fifteen gram of 8-YSZ powders was put into a plastic bottle 
containing 36 1-cm diameter zirconia balls, and then isopropanol with 0.5 wt.% triton 
as dispersant was added to cover the surface of zirconia balls and powders. The bottle 
was sealed and put on a roller at 160 rpm for 24 h. The size distributions are consistent 
with the SEM images, showing that the U1 powder contains finer particles. The PSA 
data of U2 powder is unimodal with only one peak at ~1 m, while those bimodal U1 
powder exhibit two peaks at 0.1 m and 0.8 m.[36] A pellet 13 mm in diameter and 1 
mm in thickness was obtained by pressing the powder under a uniaxial pressure of 149 
MP and then its sinterability was measured via a dilatometer (Netzsch, DIL 402C) with 
a heating rate of 3 oC/min up to 1350 oC. Results (Figure 1c) show that the U1 powder 
started to sinter at 1000 oC and the other would not sinter until the temperature reaches 
1100 oC. The shrinkage of the pellets from U1 powder is twice  that from U2 powder 
after dwelling for 3 h.  
In the ink-making process, Hypermer KD-1 (Croda Inc. UK) was used as 
dispersant, and terpineol containing 5 wt. % PVB (butvar) as a vehicle. The pore 
formers is graphite (325 mesh, Alfa Aesar) or glassy carbon (Alfa Aesar). The graphite 
is composed of aggregated plates with varied dimensions while the glassy-carbon 
particles are 10-20 m spheres. A mixed powder containing 10.0 g YSZ, 2.4 g graphite, 
0.6 g glassy carbon and 0.26 g KD-1 was put into a plastic bottle containing 36 1-cm 
diameter zirconia balls, and then acetone was added to cover the surface of zirconia 
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balls and powders. The bottle was sealed and put on a roller at 160 rpm for 24 h. When 
the milling time was complete, the contents, except zirconia balls, were transferred to a 
beaker, into which contained 7.8 ml vehicle. The acetone was allowed to evaporate 
while stirring on a magnetic plate, resulting in a well-dispersed viscous ink.  
Screen printing and sintering 
3.7 g 8-YSZ (HSY-8, DKKK, Japan) powder was uniaxially pressed at a static 
pressure and sintered at 1500 oC for 10 h to result in a dense pellet of 2-mm thickness 
and 2 cm in diameter. Four screen printed layers were used to build up a 30-40 m thick 
sintered film and they were dried in an oven at 120 oC after each screen printing cycle. 
The screen-printed pellets were then sintered at 1300 oC for three hours using a heating 
ramp of 1 oC/min before 1000 oC and 3 oC/min afterwards with a cooling ramp of 3 
oC/min. The porosity of the samples was measured by measuring the weight change of 
the scaffold before and after the infiltration with water. Samples were also vacuum 
mounted in an epoxy, cut with a diamond saw and polished to 1-m using diamond 
polishing paste. The backscattered electron images were taken on a Joel 6700F to give 
a highly contrasting image showing the location of YSZ particles. The high-
magnification images of the focused-ion-beam (FIB) etched sample and fractured 
sample are used to observe the impregnated LSF on the scaffold. 
Image Processing and analysis 
The software ImageJ (National Institute of Health, Bethesda, MD) was used to 
process and analyse the images. The porous layer was cropped from the whole image 
and the SEM image was converted into a binary image by adjusting the threshold 
intensity. Because a large quantity of YSZ grains is in contact owing to the sintering 
process, watershed segmentation is used to separate them [37]. The size distribution of 
grain size is measured using the watershed segmentation image. 
Impregnation and electrochemical tests 
Circular symmetrical cells with a round area of 1.13 cm2 on each side of the dense 
YSZ pellet were fabricated by impregnating the porous structure with the aqueous 
solution using La(NO3)3•6H2O (Aldrich Chemistry, 99.99% ), Sr(NO3)2 (Aldrich, 99 + 
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%), Fe(NO3)3•9H2O (Fisher Scientific, Analytical agent grade) and citric acid (Fisher 
Scientific, 1:1 mole ratio to the metallic ions). The stoichiometry of the resultant LSF 
is La0.8Sr0.2FeO3 after the firing at 850 
oC to form the perovskite phase. The loading of 
LSF was controlled at 35 wt. % on both sides.  To facilitate current collection samples 
were coated with gold paste plus firing at 800 oC for 1 h, impedance from symmetrical 
cells were measured in static air over a temperature range of 550 oC to 700 oC using a 
Solartron 1260 frequency response analyser (FRA) generating a sine wave ac signal 
with a magnitude of 5 mV in the range of 10000 Hz to 0.05 Hz. Results were analysed 
using Scribner Associates Zview. 
Results and discussion 
Image analysis can provide access to the morphological parameters of the 
microstructure achieved during the sintering of ceramics and some functions in the 
image software would assist the procurement of property of the ceramics after sintering 
process.[38] The typical microstructures of porous scaffolds for the U1 and U2 powders 
are shown in Figure 2. and Figure 3, respectively. The scaffold thickness is 27 m for 
the U1 powder and 40 m for the U2 powder. In both figures, (a), (b) and (c) show the 
low magnification backscattered electron image (a) of the porous skeleton from U1 or 
U2powder, and the corresponding binary image without (b) and with (c) watershed 
segmentation. (d) is the high-magnification image for the region 1 in (a). (e) and (f) are 
the zoomed-in image of (b) and (c) in the corresponding region 1 respectively without 
new processing of image (d). The porosities and the area specific perimeters of the 
particles in Figure 2 (b) and Figure 3 (b) are listed in Table 1. For comparison, the 
porosities of the samples were also measured via the weight gain of the porous structure 
after infiltration with deionised water, as listed in table 1. The coherence between the 
porosity obtained from the above methods verified that the choice of threshold in the 
image is appropriate since it would affect the image analysis.[39]  It is evident that the 
film from U2 is more porous than the one from U1 powder; the result of image analysis 
is consistent with the porosity measurement via water infiltration. The perimeters of the 
particles are the boundary of YSZ scaffold and resin, indicating longer YSZ /air 
boundaries in an unmounted sample.  
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After the comparison between (d) and (f) in both figures, it can be easily seen, that the 
watershed segmentation created an image similar to higher magnification image and 
separated the YSZ grains for quantification, compensating the drawback of the low 
magnification image, whose resolution is not high enough to separate the grain 
boundary. Figure 4 reveals the fracture surfaces for the porous structures from the two 
inks. In Figure 4 (a), the fractured surface of film from U1 powder, small round nodules 
are attached to large dense large particles and only some of them are discernible. On 
the other hand, the spherical grains of U2 powder are attached to each other but they 
can be easily distinguished. It is well known that YSZ particles will blunt during a high 
temperature sintering process, and can also be seen from the microscopy comparison 
between Figure 1 and Figure 4. The consistency between the high-magnification image 
in (e) and (f) in Figure 2 or Figure 3 is due to the fact that spherical objects in contact 
can be separated by the watershed segmentation very precisely[37]. The cumulative 
percentage of the area of grains in Figure 5 (a) indicates that 80 % the YSZ grains from 
the U2 powder are smaller than 1 m, but about only 50 % of the grains from U1 powder 
are smaller than 1 m. This trend is in contrast to the PSA data (Figure 5 (b)), where 
U1 powder contains finer powder below 0.3 m.[36] The particles of U2 powder 
sharing an identical size maxima with U1 (Figure 5(b)) actually showed a much smaller 
grain maxima than the latter (Figure 5(a)). The possible explanation to the larger grain 
growth is that the wide particle size distribution of the U1 powder increases the area of 
contact, leading to an enhanced particle rearrangement [40]. In addition, the fine 
particles around 0.1 to 0.3 m in PSA of U1 can easily lose their shapes by joining with 
other particles at 1300 oC via a coarsening mechanism. The presence of these fine 
particles initiates a sintering at 1000 oC as shown in the dilatometry results. It has also 
been shown that a YSZ powder with a particle size of 0.2 m will be 99.5 % dense at a 
sintering temperature of 1100 oC if no pore former is added [41].  
Since the quantification has been done on the scaffold, the TPB density is easy to 
calculate because the nano-particles will sit on the scaffold, as shown in the FIB etched 
sample (Figure 6 (a, b)). The fractured micrographs, Figure 6 (c, d), indicates that the 
particle size of LSF is in the range between 30 nm and 80 nm, which is much smaller 
than the grain size of the skeleton. As the oxide-ion conduction of the grain boundary 
is one order of magnitude higher than the bulk, the TPB was calculated assuming that 
LSF grains were perfect hemispheres and the interference of junction between the 
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grains was not considered. The TPB is calculated   If the median particle size of LSF, 
55 nm is used, the number of particles on area-specific boundary will be 17.5±1.5) m-
2 and, 25.5±1 m-2 and the TPB density will be 35±3 m-2 and 51±2 m-2 for the 
scaffolds from the U1 and U2 powder, respectively, since each LSF particle will 
produce 2 TPBs[42, 43]. These values are very similar to the reported result of Zhan 
[44] for Ni-impregnated strontium- and magnesium-doped lanthanum gallate (LSGM) 
scaffold at a Ni loading of 2.51 vol. %. For the conventional LSM-YSZ composite 
electrode, the highest value would be 20.68 m-2, depending on the particle size of the 
starting powders.[32]  
Figure 7 shows the impedance data of the impregnated scaffolds at different 
temperatures. The series resistance has been subtracted from each spectrum to allow for 
comparison of the arcs. The impedance data for scaffolds from U1 and U2 powder are 
composed of two arcs at 550 oC and 600 oC, but at 700 oC, the arc at the high-frequency 
part is indistinguishable. The Rp values were obtained by subtracting the series 
resistance (high-frequency intercept) from the Zr value at the low-frequency intercept. 
The Rs and Rp values are plotted vs. 1000/T as shown in Figure 7 (c) and (d) 
respectively. The Rs value for a 2-mm YSZ pellet is different if different YSZ powder 
were used to fabricate the scaffold. At 700 oC the Rs values for U2 and U1 powder are 
8.5  cm2 and 10.0  cm2 respectively. The Rs is in a reasonable range for pressed 
pellet sintered at 1500 oC having an ionic conductivity of ~0.0205 S cm-1 at 700 oC [45]. 
The activation energy, Ea, of the Rs values are very close to each other and slightly 
lower than that of pure 8YSZ, 1.0 eV, implying the existence of the lateral resistance 
from the electrode. The resistance measurement of electrolyte resistance associated 
with cathode can be attributed to the resistance on the interface of cathode/electrolyte 
resistance and electrolyte materials because the resistance of cathode materials is 
negligible [46]. The coarse grain size of the scaffold from U1 powder maybe diminishes 
the contact area between LSF and YSZ, causing ineffective current collection area and 
poor connectivity on the interface between the LSF/YSZ cathode and the dense YSZ 
electrolyte.  
At 700 oC, the respective Rp value of U1 and U2 based scaffold is 0.25 and 0.21  
cm2, higher than the reported value of LSF-impregnated YSZ, 0.13  cm2,[7] but this 
difference can be explained by the ionic conductivity of scaffold materials because of 
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the difference in sintering temperature of the scaffold, thermal history of the sample or 
the difference in current collection paste. Nonetheless, this value is lower than the 
reported Rp for LSM-impregnated cathode at 700 
oC, above 0.25  cm2 [17, 47]. In a 
modeling study on the length of TPB produced by impregnation[48], the smaller 
particle size of the scaffold and/or impregnated materials promotes longer TPB, so it is 
reasonable to conclude that the smaller grain size can increase the sites for reaction with 
O2. Although the difference in interfacial connectivity caused by the microstructure of 
the scaffold would affect the Rs and Rp simultaneously, the electrode using U2 powder 
shows lower Rp and slightly higher Ea than the one using U1 powder, indicating that the 
reaction sites on the YSZ/LSF could also play an important role. Actually, the long 
area-specific boundary of the YSZ phase of the scaffold from U2 powder also 
corroborates the assumption of longer TPB by providing a large area for LSF particles 
to sit on, since the impregnation is the same.  
Conclusion 
In this work, two types of powders showing different sintering behaviors are 
utilized to prepare porous YSZ scaffolds for impregnation. The powder with 9 vol. % 
particles smaller than 0.3 m and bimodal distribution in the powder (U1 powder) 
induces the faster YSZ grain growth and decrease in surface area when compared to 
powders (U2 powder) with unimodal size distribution peaked at 1.0 m in between 0.2-
2.9 m. These results were confirmed using image analysis, and the TPB length was 
further quantified further to be 50 m-2, which is more than twice for the electrodes 
from conventional mixed powder processing  owing to the nano-scale particles of the 
impregnated materials. The electrode using scaffolds made from U2 powder with 
narrow particle size distribution shows the respective polarization and series resistance 
of 0.21 and 8.5  cm2, comparing to the respective values of 0.25 and 10  cm2 for the 
U1 powder. This is in agreement with the prediction of the image analysis, but the effect 
of sintering profile of the scaffold could be an important parameter that could be 
explored for better performance.  
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Figure 1. SEM images of the as-received YSZ powders: (a) U1 powder and (b) U2 
powder. (b) Dilatometry of the pellets from two powders pressed under 149 MP 
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Figure 2. (a) is the backscattered image for porous film from U1 powder; (b) is the 
binary image separating YSZ and resin and used to calculate the perimeter of YSZ 
particles and porosity; (c) is the image using watershed segmentation to separate the 
YSZ grain in order for the grain distribution. (d), (e) and (f) are the zoom-in images in 
(a),(b) and (c) respectively corresponding to the region 1 indicated in the rectangle.  
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Figure 3. (a) is the backscattered image for porous film from U2 powder; (b) is the 
binary image separating YSZ and resin and used to calculate the perimeter of YSZ 
particles and porosity; (c) is the image using watershed segmentation to separate the 
YSZ grain in order for the grain distribution. (d), (e) and (f) are the zoom-in images in 
(a),(b) and (c) respectively corresponding to the region 1 indicated in the rectangle.  
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Figure 4. Fractured surface images of the porous structure after firing at 1300 oC for 
three hours from the two types of powders: (a) U1 powder and (b) U2 powder. 
 
 
 
Figure 5. (a) the YSZ grain distribution obtained through separating the particles by 
watershed segmentation. The corresponding images are Figure 2 (c) and Figure 3(c) for 
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the cross-sectional image of the film from the two powders. (b) The particle size 
distribution obtained from the light-scattering particle size analyser. 
 
 
 
Figure 6. Morphology of nano-particles of LSF on YSZ: (a) and (b) are focused ion 
beam etched sample; (c, d) fractured surface indicating the particle size of LSF is about 
30 nm to 80 nm. (b) is the enlargement of the rectangular in (a) 
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Figure 7. Nyquist plots of the impedance measurement on symmetrical LSF-YSZ 
electrodes using scaffold from(a) U1 and (b) U2 powder, respectively. The electrolyte 
resistance is subtracted to make the high frequency point of Zr at 0. Inserts are the 
enlarged impedance plots at 700 oC. (c) the electrolyte resistance Rs and (d) the  
polarization resistance Rp as a function of the temperature measured on symmetrical 
cells with LSF-YSZ electrodes.  
 
 
Table 1 Parameters of the image analysis for the porous structures from U1 and U2 
powder. The numbers in the parentheses indicate the error window by analysing five 
images. 
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 Porosity 
measured 
with water 
infiltration 
Porosity 
measured 
with 
imageJ 
Area-specific 
boundary 
length /m-1 
Estimated 
LSF 
diameter 
/m 
TPB length 
m-2 
U1 54(3)% 57(2)% 0.97(0.09) 0.055  35(3) 
U2 62(4)% 62(2)% 1.41(0.06) 0.055 51(2) 
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